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The overall reabsorption of inorganic phosphate (P1) in the
kidney tubules is controlled by a multitude of hormonal, meta-
bolic and dietary factors [1—7]. Reabsorption of P1 and its
regulation is ultimately linked to specific cellular events local-
ized mainly in the proximal tubule [4, 81. This brief overview
will discuss the present state of our knowledge about these
cellular processes.
When investigating the cellular mechanisms of P1 reabsorp-
tion, at least two types of heterogeneities have to be consid-
ered.
i) Intranephron heterogeneity. The main portion of the fil-
tered P1 is reabsorbed by the proximal epithelium [6, 9—11].
Whereby, in the proximal convolution the rate of P1 reabsorp-
tion is highest and decreases towards the late convolutions and
the pars recta [2, 3, 12, 131. There is good evidence that P. is
also reabsorbed in later tubular segments, especially in the
distal tubule [2, 14, 15]. Since in the distal tubule P1 concentra-
tion of the urine is finally tuned, the existence of a regulatory
control mechanism in this tubular segment seems very likely.
Indeed, micropuncture and microperfusion studies have re-
vealed evidence that in the distal segment P1 reabsorption is
sensitive to parathyroid hormone and is regulated by P1 deple-
tion [15—17]. Little, however, is known about the mechanisms
of transcellular P1 movement nor about the regulatory mecha-
nism(s) in nephron segments other than proximal tubules.
ii) Internephron heterogeneity. Considerable differences of
the P reabsorption capacity between superficial and deep,
juxtamedullary nephrons exist [3, 18—20]. Since at an elevated
concentration of a P1 reabsorption modulating factor (such as
parathyroid hormone) in the plasma, a greater delivery of this
modulator to the end of the deep proximal tubules than to that
of the superficial tubules might result [18, 21], one might also
suggest that the regulatory control of P. reabsorption is handled
differently in the two nephron types.
It is the above-mentioned intra- and internephron heteroge-
neity of the renal P1 reabsorption system which makes it difficult
to integrate all the observations—made by using a variety of
techniques, such as in vivo micropuncture/microperfusion stud-
ies, in vitro studies with isolated tubules and isolated membrane
preparations—into a coherent picture of the cellular events
involved in renal P1 reabsorption. Forced by the complexity of
the subject, I will reduce the problem of tubular P1 reabsorption
to the question of how P1 crosses the cell boundaries of the
proximal tubular cell. Thereby, I will concentrate on the cell
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entry step of P1 through the brush border membrane and its
regulation. This reduction seems to be justified by the observa-
tion that many regulatory events, induced by in vivo manipu-
lations (Table 1) can be observed at the level of the isolated
brush border membrane vesicles, meaning that the final event is
such that it is retained during the cell fractionation procedure
[1—4]. In addition recent results on the regulation of the P1 entry
step as obtained from studies with established and primary
renal cell cultures will be integrated.
For a detailed discussion of in vivo studies and in vitro
studies with isolated tubules on tubular P1 reabsorption, the
reader is referred to recent reviews [2—4].
Transcellular movement of inorganic phosphate in the proximal
tubule
The integrative picture of overall transcellular transport of P1
(Fig. I) will be discussed only briefly in the following; for
detailed discussions see recent reviews [1-4].
Location of active and rate limiting steps
In the glomerular ultrafiltrate, P, concentration is around 2
mM [1, 22]. Depending on the physiological state, P1 concentra-
tion in the intratubular fluid leaving the proximal tubules can be
as low as 0.2 mivi [4, 12]. P1 concentration in the peritubular
interstitium is most likely close to 2 mi [1]. According to recent
31P-NMR measurements, intracellular concentration of free P1
is below 1 mi, a value far below that as estimated from
chemical P1 determination of tissue extracts [23]. Considering
an inside negative transmembrane potential of approximately
—65 mV, intracellular P1 is far above its electrochemical equi-
librium across both cell boundaries. Thus, for successful P1
reabsorption, an uphill (active) transport step has to be local-
ized at the apical membrane, whereas for the exit step through
the basal-lateral membrane a "downhill" (passive) transport
process has to be considered.
Many studies with intact tubular preparations have shown
that P reabsorption in the proximal tubule is dependent on the
presence of luminal sodium and is sensitive to ouabain, that is,
it requires an intact electrochemical gradient of Na [12, 24].
Thus, the entry of P1 can be considered as secondary active [25,
26].
As we shall discuss later, the cotransport system located in
the apical membrane operates with a Na/P1 stoichiometry
exceeding unity. Assuming then a 10:1 extracellular to intra-
cellular Na concentration gradient and an electroneutral
cotransport of eg. 2 Na1 and one HPO4, the steady-state
concentration gradient for P1 would be in the order of 100:1.
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Table 1. Short term manipulationsa of experimental syst
in altered Na*/P cotransport
ems resulting
Direction
Experimental of
Manipulation system change References
Administration of OK cells 53—55
parathyroid hormone rat; dogb 63, 64
Administration of OK cells J, 53, 54, 92
cyclic AMP rat; dog 63, 64
P-load/feeding OK, LLC-PK cells 56, 58, 96
rat 95
Administration of rat 91, 94
nicotinamide
P1 depletion OK, LLC-PK1,
JTC-l2 cells 1 56, 58, 59
rat; dog 1 95, 103, 105
106, 107
PTH removal OK cells 1 97
Administration of dog proximal 1 100
insulin, growth tubules
hormones
OK cells 1 57
Thus, the measured intracellular P1 concentration of approxi-
mately I mi seems to be above the electrochemical equilibrium
for P1 but far below the thermodynamic equilibrium of the apical
transport step. This thermodynamic situation for P transport
implies that the rate limiting step for P reabsorption is located
in the brush border membrane and that this transport process is
not controlled by changes in driving forces. Rather then, the P
entry step is controlled by different numbers of functional
transporters or by different translocation rates of individual
systems.
Intracellular free P is an important determinant of intracel-
lular metabolism (such as via the phosphorylation potential
ATP/ADP x P1) and therefore, should be kept within a narrow
concentration range, even under conditions of altered transcel-
lular flux rates. This would imply that the capacities of the
apical entry and basolateral exit step have to be coordinated
[reviewed in 4].
At the end of the proximal tubule, intratubular concentration
of P1 lower than approximately 0.2 m are apparently not
occurring. At least for thermodynamic arguments, this concen-
tration of intratubular P should be sufficient to meet the
requirements of cellular metabolism via apical entry of phos-
phate. Therefore, there would be no need for a concentrative
mechanism at the basal-lateral cell surface to permit "uphill"
transport from the peritubular interstitium into the epithelial
cell.
Characteristics of the apical entry step: Na/P1 cotransport
As already mentioned, a Nat/P1 cotransport mechanism
mediates apical transport of P1 from the tubular lumen into the
cell. This transport system has been extensively characterized
in terms of its interaction with Na, P and protons in studies
with isolated brush border membrane vesicles [reviewed in 4].
The characteristics of this transport process can be summarized
as follows:
1.) Na interaction shows a sigmoidal dependency on Na
concentration, indicating a stoichiometry for Nat/P1 exceeding
unity; 2.) apparently only one phosphate ion interacts with the
transport system; 3.) increased Na concentration leads to an
increased affinity of the transport system for P,; 4.) a decrease
of the proton concentration stimulates Nat/P1 cotransport rate.
From these observations the following picture of the Nat/P1
cotransport process has emerged (Fig. 2) [4]: At least two
sodium ions first interact with the transporter at the external
membrane surface and permit an efficient interaction with P,.
Though the divalent form of P1 might be the preferred substrate,
both the mono- and divalent forms can interact. The effect of
the proton concentration (pH) is at least threefold: competition
for the Na binding site, influence on the ratio of mono- and
divalent P, and pH dependency of the translocation process
itself.
As we have observed opposite effects of internal and external
proton concentration on Nat/P, cotransport [27, 28], we postu-
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Fig. 2. Model of the interactions of P, Na and H with the Na/P,
cotransport system of renal brush border membranes. Broken lines
point to allosteric inhibition and stimulation by protons.
a This list refers to manipulations only, which are discussed in the
text. Other manipulations are in [2—41.
b The direction of the transport changes are indicated as observed in
isolated brush border membranes.
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Fig. 1. Schematic view of transcellular transport of P, in the renal
proximal tubule.
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lated a glide symmetry model, namely, that at the internal
surface first Na and secondly the P. molecule is liberated.
Although in agreement with most of the available experimental
observations, further experiments would be needed to prove
this model in detail.
Beliveau and Strevey recently published a detailed kinetic
analysis of Na/P1 cotransport performed under influx and
efflux conditions and under varying Na and P1 concentrations
on the cis- and transside of the membrane [29]. They concluded
that random binding at the extra- and intracellular membrane
surface would fulfill the experimental observations and that the
translocation mechanism shows a functional asymmetry. Al-
though in contrast to the glide symmetry model discussed
above, at physiological conditions these two models do not
differ with respect to the actual operation of the Na/P, trans-
port system. Also in the model of random binding, the high
external Na concentration, by its allosteric effect on the P1
interaction, would favor the formation of a fully loaded carrier
in an ordered manner. After the translocation step, low intra-
cellular [Na] would favor dissociation of Na first. Altered
affinity for P1 would then permit a dissociation of P1 even at a
relatively high intracellular P1 concentration.
Basal-lateral P transport
As already mentioned, the basal-lateral exit of P1 is always
downhill. This transport step is poorly understood and there-
fore will be described only briefly. Evidence for a Na-
independent, DIDS-sensitive, most likely anion exchange
mechanism was obtained [25, 30—331. Preliminary observations
are in agreement with the involvement of bicarbonate ions in
Na-independent effiux of P1 (Hagenbuch and Murer, unpub-
lished observations). A role for a Na-dependent low-capacity
transport system as observed in dog basal-lateral membrane
[34], is difficult to define at present. A possible physiological
role of such a P1 transport system could be a basal-lateral influx
of P1 in situations of insufficient apical delivery of P1. Finally, a
rheogenic Nat-independent P1 transport system has been de-
scribed, which could also mediate peritubular exit of P, [34, 35].
The maintenance of a relatively constant intracellular P1
concentration at various transcellular phosphate transport rates
would also require a regulatory control of the basal-lateral P,
transport mechanism. However, nothing is known about such
regulatory events until now.
Regulation of Na/P1 cotransport
Many physiological alterations of renal tubular P1 reabsorp-
tion (Table 1) are retained in isolated brush border membrane
vesicles, documenting that the final event in P. transport regu-
lation is expressed at the level of the Na/P1 cotransport
system. These observations formed the basis for various
hypotheses on the intracellular cascades leading to altered rates
of P1 entry via the Na/P1 cotransport system [reviewed in 1—4,
8]. In this section these hypotheses will be discussed, including
the recent progress made with established and primary cell
cultures.
Methodological aspects
Direct biochemical access to the proximal epithelial cells in
an in vivo preparation or in isolated tubules is difficult. As a
consequence, brush border membrane vesicles isolated from
kidney cortex and, in the past few years, established and
primary cell cultures have been applied for the investigation of
P1 transport regulatory mechanisms. The rationale for using
these two in vitro systems shall be outlined briefly.
Brush border membrane vesicles. It is the unique property of
the microvillar membrane of epithelial cells which allows it to
isolate these membranes by methods summarized as Ca4/
Mg+ precipitation techniques [36—38]. Since a microvillar
morphology in the proximal tubule is well expressed and since
kidney cortex slices contain mass-wise predominantly proximal
tubules [291, it is very likely that the main portion of the isolated
brush border membrane vesicles represent the apical membrane
of proximal tubular epithelial cells. Indeed, it has been shown
that most of the typical functions of proximal tubular solute
transport can be observed in the isolated brush border mem-
branes [36, 401. As used in this paper, the term brush border
membrane vesicles does not discriminate between vesicles
originating from superficial and deep nephrons and/or between
the convoluted proximal tubule (S 1, S2) and the straight portion
(S3). It is, however, important to note that different kinetic
parameters of Na/P1 cotransport in vesicles isolated from
superficial or juxtamedullary renal cortex have been reported
[20, 41], suggesting the existence of different Na/P1 cotrans-
port systems.
With respect to the analysis of regulatory cascades, which
finally lead to altered Na/P1 cotransport (such as, via protein
kinases), studies with isolated brush border membrane vesicles
turned out to be difficult. Isolated brush border membrane
vesicles are closed and exhibit an almost complete right side out
orientation [42, 43]. This makes it necessary to open transiently
(such as by an osmotic shock) [43—45] the vesicles to include the
required reagents, such as ATP or NAD. Furthermore, care has
to be taken of a possible and rapid hydrolysis of the added
reagents, because the liberated P1 might interact with the
transport measurement (isotope dilution effect).
Cell cultures. Cultured renal epithelial cells have opened new
possibilities to biochemically explore the regulatory events
involved in renal P1 reabsorption. For a successful use of an
established or primary cell line, some premises have to be
fulfilled [46—48]. In brief, the cultured cells must be polarized,
exhibit vectorial solute transport and must represent metabolic
and transport functions typical for the nephron segment of
interest.
In the past few years, Na/P1 cotransport has been investi-
gated in several established renal epithelial cell lines such as
LLC-PK1, derived from pig kidney [49—511; JTC-l2, derived
from a monkey kidney [52] and OK cells, derived from an
American opossum [53—55]. Concerning the regulatory aspects
of Na/P1 cotransport, the OK cell line has been turned out to
be the most appropriate established cell line at present, since in
this cell line Na/P1 cotransport is regulated by parathyroid
hormone [53—55], P1 depletion [56] and other possibly important
modulators of P1 reabsorption [57]. In LLC-PK1 cells Na/P1
cotran sport is not regulated by PTH due to the absence of PTH
receptors [53], but is regulated by P. depletion [58]. Interest-
ingly, Na/P1 cotransport in JTC-l2 cells is not regulated by
PTH despite the presence of PTH receptors [53]. P depletion of
JTC-12 cells also regulates Na/P1 cotransport [59].
Although one or the other established cell line represents
proximal tubular cells with respect to a certain cellular activity,
Biber: Proximal tubular P reabsorption 363
the same cell line might not be representative for proximal cells
with respect to another activity (for example, gluconeogenesis).
Keeping this in mind, established cell lines can represent
suitable cell culture model systems for a first attempt to
biochemically study the regulatory events of renal P1 reabsorp-
tion.
Primary proximal cell cultures have been rarely used to
investigate the regulation of Na/P1 cotransport. The existing
data indicate that this cell culture approach certainly will be
highly suitable for the investigation of proximal P. reabsorption
[60, 67].
Regulatory mechanisms
To discuss possible regulatory mechanisms of the P. entry
step via the Na/P1 cotransporter, two restrictions will be
made: i) As already outlined above, we will concentrate on
regulatory events which are only manifested in a change of
Na/P1 cotransport at the level of isolated brush border
membrane vesicles. Thus, this discussion will not cover the
interesting aspects of an allosteric regulation of the Na/P
cotransporter by changes of the substrate P1 or changes of the
intra- and/or extracellular pH-values [details in 3]. ii) Regulation
of Na/P1 cotransport has often been discussed in terms of the
two broad categories: short- and long-term regulation [2, 4, 62].
However, as it is not always possible to discriminate clearly
between a short- and long-term regulation in in vivo experi-
ments, we will restrict our discussion to regulatory events
which can be observed within a few hours. These regulations
shall be subdivided in a protein synthesis-independent and a
protein synthesis-dependent category.
Protein synthesis-independent regulation: cAMP-dependent
phosphorylarion. The prediction of this hypothesis is that an
increase of the intracellular concentration of cyclic AMP
(cAMP) would lead to an altered rate of Na/P1 cotransport due
to cAMP-dependent phosphorylation reactions. Especially with
regard to the mechanism(s) of the phosphaturic action of
parathyroid hormone, this hypothesis has attracted much atteri-
tion [1—3, 11]. Extensive studies have localized the phosphatu-
nc effect of PTH in the proximal tubules, where under the
influence of PTH, Na/P1 cotransport is inhibited [reviewed in
2, 11]. These findings were confirmed by studies with brush
border membrane vesicles isolated from kidney cortex of ani-
mals treated in vivo with PTH [20, 63, 64].
Indeed, all key elements necessary for the cAMP/phosphor-
ylation hypothesis have been described to be present in the
proximal tubule.
—Adenylate cyclase coupled to PTH receptors. By the use of
photoactivatable PTH derivatives, PTH receptors have been
localized in the basal-lateral membranes of proximal epithelial
cells [65, 66]. Administration of PTH leads to increased urinary
cAMP excretion, which precedes the phosphaturic effect of
PTH [67—68]. These observations, suggestive for a tight cou-
pling of PTH receptors with adenylate cyclase, have been
confirmed in many studies, using in vitro tubular or membra-
nous systems [69—72], with primary proximal tubule cell cul-
tures [60, 73], and with the established OK cell line [53—55, 74].
In all of these experimental systems half-maximal stimulation of
cAMP production by the active 1-34 fragment of PTH [75] is
consistently observed at PTH concentrations of 10—8 to io M.
—cyclic AMP-dependent protein kinases. Cyclic AMP-de-
pendent protein kinase activity has been described in fractions
of renal cortical membranes as well as in isolated brush border
membranes [43, 76—78]. To determine whether a cAMP-depen-
dent phosphorylation of the brush border membrane—or even-
tually of the transporter itself—results in decreased Na/P1
cotransport, isolated brush border membrane have been phos-
phorylated with ATP in the presence or absence of cAMP [8,
43, 78]. When performed with canine brush border membrane
vesicles, phosphorylation in the presence of cAMP has been
reported to inhibit (approx. 30%) Na11P1 cotransport [78]. On
the other hand, despite an increased incorporation of 32P from
y-32P ATP under the influence of cAMP, no inhibition of Na/P1
cotransport was observed in brush border membrane vesicles
isolated from rat kidney cortex [43]. Based on the observations
made with canine brush border membranes, a causative relation
of the phosphorylation state of a 62 kD protein and altered
Na/P transport has been postulated [44, 78]. Recently, how-
ever, the 62 kD protein has been identified as the regulatory
subunit of type II cAMP-dependent protein kinase [8, 9],
making it very unlikely that this protein is the direct cause of
changes in phosphate transport.
Recent experiments with the established OK cell line have
reopened the question of a direct relationship of altered Na/P1
cotransport with the cAMP level. This cell line displays Na/P1
cotransport regulated by PTH and adenyl cyclase activity
regulated by PTH [53—55, 74]. A possible causal relationship of
altered cAMP level and altered Na/P1 cotransport in this cell
line is supported by: i) PTH induced elevation of intracellular
cAMP; ii) a direct stimulation of the catalytic subunit of
adenylate cyclase by forskolin and by direct addition of dibu-
tyryl cAMP to the cells. All these manoeuvres result in a
time-dependent (t-½ approx. l-½ hrs) decrease of Na/P1
cotransport, which is manifested by an approximate threefold
decreased Vmax value, but not in a change of the apparent KmPj
[53, 54].
Although these results strongly support the notion that an
elevated level of intracellular cAMP indeed can modulate
Na/P1 cotransport activity, the necessity of cAMP under
physiological conditions has been questioned recently. Quanti-
tative studies [55] demonstrated a half-maximal effect of PTH
on Na/P1 cotransport at l0 NI PTH, whereas at this PTH
concentration an increased cAMP content was barely detect-
able. In the same cells half-maximal concentration of PTH with
respect to the cAMP production was reported to be between
108 to IO NI [55], which is in good agreement with the PTH
concentrations necessary to activate adenyl-cyclase in isolated
renal basal-lateral membranes [69].
From these experiments the following conclusions may be
drawn: i) A slight change of the physiological concentration of
PTH from 102 M to 10 M [80] would have a great impact on
proximal tubular P1 reabsorption, but no effect on renal cAMP
production. ii) Increased intracellular cAMP content would not
be necessary for the regulation of Na7P1 cotransport. The
extrusion of cAMP into the tubular lumen should therefore be
regarded as an event independent of the PTH action on Na/P1
cotransport. iii) As for other hormones, a dual receptor mech-
anism might be postulated [55], which would include two PTH
receptor populations: one receptor population coupled to ade-
nylate cyclase and an another population coupled to another,
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not yet defined, second messenger system. With respect to a
possible dual receptor mechanism, it is interesting to note that
in the established cell line JTC-12, PTH mediates an increase of
cAMP, suggesting the presence of PTH receptors coupled to
adenylate cyclase. However, under conditions of elevated
cAMP levels no inhibition of Na/P1 cotransport is observed
[53]. Thus, one might postulate a lack of the second type of
PTH receptors in JTC-l2 cells.
Although the experiments with the established OK cell line
have questioned a direct causal relationship of cAMP with
altered NafP1 cotransport, it would also be necessary to
investigate the quantitative aspects of PTH activation of ade-
nylate cyclase and PTH mediated inhibition of Na/P1 cotrans-
port in primary proximal cell cultures, isolated proximal tubules
and finally in the whole kidney, in order to define definitively
the role of cAMP in the regulation of Na/P1 cotransport.
Protein kinase C-dependent phosphorylation. In studies with
isolated cortical tubules, it has been demonstrated that PTH
influences the metabolism of phosphatidic acid and phosphati-
dyl inositols [81, 82]. Since these findings fitted with the
framework of protein kinase C-mediated regulation of cellular
activities [83], they stimulated the investigation of a possible
role of protein kinase C in the regulation of Na/P1 cotransport.
Direct activation of protein kinase C is achieved by addition
of the phorbol ester tumor promoters, which activate the Ca
and phospholipid-dependent protein kinase C [83, 84]. Indeed,
when added to confluent OK cells, active phorbol esters (such
as phorbol-12-myristate-l3-acetate) has been shown to cause a
time-dependent inhibition of Na/P1 cotransport similar to that
as induced by PTH [55, 85].
A direct causal link between PTH binding to its receptor and
activation of protein kinase C would postulate the following
reactions: increased hydrolysis of phosphatidyl-inositol-4,5-
phosphate by an activated phospholipase C—triggered by a
PTH receptor complex—would yield in increased transient
levels of inositol-4,5,6-trisphosphate (1P3) and diacylglycerols.
Diacylglycerols in turn would facilitate a binding of protein
kinase C to the plasma membrane and thereby activate it. In
addition, 1P3 would lead to a transient release of Ca from the
endoplasmic reticulum [83, 86].
Experimental evidence for such a reaction chain has recently
been obtained with the OK cells and with primary cell cultures.
In OK cells, a three- to fourfold transient rise of intracellular
Ca concentration triggered by PTH was observed by fluo-
rescent techniques using the Ca +sensitivedyes Fura-2/Quin-2
[85]. The concentration of PTH necessary for half-maximal
stimulation of this dye signal is in the order of 10— M (G.
Quamme, personal communication). If the high buffering ca-
pacity of the dyes used is taken into account, this half-maximal
concentration of P1'H could be regarded as very close to the
PTH concentration necessary for half-maximal inhibition of
Na/P1 cotransport, indicating that an increase of intracellular
[Ca] is somehow involved in the regulation of Na/P
cotransport. Similar data were also reported with primary
proximal cell cultures [73, 87]. With respect to altered lipid
composition, PTH has been shown to increase the levels of both
1P3 and diacylglycerols [85, 88]. However, an exact quantitative
relation to the PTH concentration remains to be determined.
Another support for the involvement of protein kinase C
stems from phosphorylation experiments performed with iso-
lated brush border membrane vesicles. Direct addition of phor-
bol esters to isolated membranes has been shown to stimulate
32p incorporation from y-32P-ATP indicating the presence of
protein kinase C in this membrane preparation [89, 90]. But a
direct relationship of protein kinase C-mediated phosphoryla-
tion and altered Na/P1 cotransport is still lacking.
ADP-ribosylation. According to the ADP-ribosylation hy-
pothesis, ADP-ribosylation of the brush border membrane by
NAD would result in inhibition of Na/P1 cotransport. The
rational for this hypothesis was first proposed by Kempson Ct a!
[91] and is based on the observations that stimulation of renal
gluconeogenesis by PTH administration, glucocorticoid admin-
istration, starvation and chronic acidosis is associated with an
increased utilization of NADH and therefore, with an increased
ratio of NAD/NADH and with an increased concentration of
free NAD in the cytoplasma [reviewed in 1]. Since the above
mentioned in vivo manipulations also lead to an decreased
Na/P1 cotransport in the isolated brush border membrane
vesicles, a relation of altered NAD level with an altered
Na/P1 cotransport rate was postulated. However, a direct
correlation of an altered NAD/NADH ratio with altered
Na/P1 cotransport has been challenged by Yanagawa et al [92],
who showed that in isolated tubules oxidation and reduction of
NAD with pyruvate and lactate did not result in a change of P1
reabsorption.
In an attempt to correlate altered Na11P1 cotransport with
ADP-ribosy!ated proteins, brush border membrane vesicles
have been incubated with 32P-NAD under osmotic shock con-
ditions [45, 93, 94]. Interestingly enough, incorporation of 32P
into brush border membrane proteins representing mono-ADP-
ribosylated proteins could be observed [45, 93]. However, a
direct causal relationship of the observed protein ribosylation
with altered Na/P1 cotransport has not been clearly estab-
lished. The role of intracellular NAD in the mediation of
PTH-induced phosphatoria remains therefore speculative.
Phosphate load/feeding. As will be discussed in section "P1
depletion", lowering the concentration of the extracellular free
P1 by a low P1 diet is an important stimulus for increasing the
Nat/P, cotransport activity. Vice versa, down regulation of
Na/P1 cotransport can be achieved by increasing extracellular
concentration of free P1 by a high P. diet. As demonstrated by
Cheng et al [95], in vivo infusion of phosphate into thyropara-
thyroidectomized rats lead to a marked decrease of net phos-
phate reabsorption within the first hour. This response of P1
infusion is also expressed on the level of the isolated brush
border membranes. The precise mechanism by which the
kidney and the brush border membrane rapidly adapts during
phosphate infusion remains to be determined.
In the cultured cell lines LLC-PK1 and OK, the above
mentioned P1 infusion experiment has been mimicked by re-
adding of P to cells adapted to low P1 medium [56, 58]. This
manipulation leads to a complete reversibility of the Na/P1
cotransport rate within three to four hours. Regarding the
mechanisms of this down regulation phenomenon, there is
evidence that this process is independent of protein synthesis
[56, 96], but the precise mechanism(s) is (are) not understood
today.
Protein synthesis-dependent regulation. All manoeuvres de-
scribed so far, which result in an increased rate of Na/P1
cotransport either in cultured cells or in brush border mem-
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brane vesicles isolated after in vivo manipulations, are depen-
dent on de novo protein synthesis. In this section, experiments
will be described which might lead us to an understanding of the
"up-regulatory" control mechanism(s) of Na/P cotransport.
Recovery after PTH removal. In OK cells, the PTH-induced
sustained inhibition of Na/P1 cotransport is completely revers-
ible within approximately four hours after PTH removal [53,
971. Whereas the inhibitory ("phosphaturic") action of PTH in
these cells is not affected by protein synthesis inhibitors, the
reversibility after PTH removal is completely blocked by cy-
cloheximide [53, 97]. These data strongly suggest that increased
synthesis of yet unknown proteins (or even the transporter
itself) results in an increased NaIP1 cotransport activity. A
possible control mechanism at the level of transcription has
been ruled out by actinomycin D, which, although inhibiting the
synthesis of total mRNA (unpublished observations) did not
affect the reversibility of Na/P1 cotransport after PTH removal
[97]. Interestingly, however, reversibility could be blocked by
cordycepin [971, which acts as an inhibitor of the polyadenyla-
tion step of heterogenous nuclear mRNA (hnRNA) [981, imply-
ing a pretranslational, but posttranscriptional control mecha-
nism which is activated by the removal of PTH.
Insulin and insulin-like growth factors. A possible role of
insulin and the insulin-like growth factors (IGF-I and IGF-II) in
modulating renal P. transport has been suggested [reviewed in
99]. Direct addition of insulin to isolated proximal tubules
results in an increase of Na/P1 cotransport in the subsequently
isolated brush border membrane vesicles [100]. In OK cells, the
addition of 10—8 M IGF-I stimulates Na/P1 cotransport by
approximately 70% above control level within the first few
hours [57]. Interestingly, this effect of IGF-I is specific for
Na/P1 cotransport and is blocked by cycloheximide.
Although, the presence of insulin and IGF-II receptors have
been demonstrated to be present in the proximal tubular cell
[991, the exact role of these hormones in the short term (within
a few hours) regulation of the renal Na/P1 cotransport system
remains to be established. Since the receptors for insulin and
IGF-I/II both exhibit tyrosine protein kinase activity [101], it
would be interesting to speculate about a possible role of these
protein kinase activities in the modulation of Na/P1.
P, depletion. During dietary P restriction, P can disappear
from the urine. This phenomenon is associated with an increase
(adaption) of the overall tubular capacity to reabsorb P1 [re-
viewed in 2, 31. It has clearly been demonstrated that the ability
of the renal (proximal) cell to respond to P availability is
independent of extrarenal factors such as PTH, vitamin D and
plasma calcium and growth hormones [2, 3, 102]. Although, this
phenomenon has been well described, little is known about the
trigger (sensor) and cellular mechanism(s) involved in the
adaption to P1 depletion.
Regarding the tubular localization of the adaption, in situ
studies [103] and perfusion experiments with isolated tubules
[11, 16, 1041 have revealed evidence that the proximal tubule is
the dominant nephron segment, where adaption is expressed.
Participation of the distal tubules and the collecting duct in this
type of regulation has also been suggested [16].
As demonstrated with brush border membrane vesicles iso-
lated from animals fed a low P1 diet, the adaptive change in the
proximal tubule is associated with an alteration (increased) rate
of Na/P1 cotransport, whereby increased Na1iP cotransport is
always reflected by an enhanced maximal velocity (Vmax) [20,
95, 105]. This increase of Na/P1 cotransport capacity of the
luminal membrane can be regarded as a specific short-term
regulatory effect, since after P depletion increased Na1P1
cotransport in BBMV can be observed after four hours [106,
107], and since other sodium-dependent transport processes do
not change their activity [105]. The only in situ experimental
approach to investigate for possible regulatory mechanisms was
reported by Shah et al [1081. After an administration of actino-
mycin D to rats fed a low P1 diet, the adaptive effect (as
observed in the isolated BBMV) was blunted. This study
suggested that protein de novo synthesis or transcription could
be the site of a regulatory control.
In the past few years, P1 depletion has been mimicked with
established renal cell lines to get more information about the
regulatory control mechanisms. In all cell lines tested so far
(LLC-PK1, JTC-l2 and OK [56, 58, 59], P1 restriction from the
medium leads to an approximate twofold increased rate of
Na/P cotransport within the first few hours. By the use of
various protein synthesis inhibitors, clear evidence was ob-
tained that the response of these cells to low extracellular [P1] is
dependent on de novo protein synthesis of yet unknown pro-
teins [56, 58, 59]. Furthermore, the use of actinomycin D to
block transcription suggested that increased Na/P1 cotransport
of OK cells stimulated by low extracellular [P1] is not controlled
at the transcriptional level [56]. Interestingly, however, the
adaptive increase of Na/P1 cotransport can be completely
blocked by cordycepin (which is an inhibitor of hnRNA poly-
adenylation [98]. To investigate the interesting possibility of a
posttranscriptional, but pretranslational control mechanism un-
derlying extracellular [P1], more work regarding the P1 metabo-
lism under P depletion/restriction conditions and regarding the
nature of the protein(s) and mRNA(s) involved is needed.
Integrative model for the regulation of Na/P cotransport
This section will illuminate an integrative model for the
regulation of Na/P1 cotransport localized in the proximal
apical membrane. If one recapitulates, a striking observation is
that most of the in vivo manipulations (Table 1), which result in
altered renal P. reabsorption, are expressed at the level of
isolated brush border membrane vesicles by an increased or
decreased Na/P1 cotransport activity. Furthermore, alter-
ations of the Na/P1 cotransport activity as observed in isolated
brush border membranes and cultivated cells are always re-
flected in a change of the maximal velocity (Ymax) of the
transport process and not in a change of the apparent affinity for
P (KP1). In addition, under altered P reabsorption conditions,
most other Nat-dependent solute transport rates (except Na/
H exchange) [109] do not change their activity.
For the discussion of the model depicted in Figure 3, we
assume—although not yet proven—that a change of the Vmax of
the Na/P cotransport indicates a change of the actual number
of carrier molecules within the apical membrane. Thus, all
manoeuvres accompagned with one or the other of the postu-
lated second messenger systems (cAMP, diacyiglycerol-protein
kinase C, Ca, pH, NAD) would finally result somehow in
an altered number of apical Na/P1 cotransporters. It should,
however, be mentioned that a change in Vmax might also be
provoked by a change in the lipid environment of the trans-
porter. As shown by Molitoris et al [110], brush border mem-
366 fiber: Proximal tubular P reabsorption
Fig. 3. Regulation of the renal Na/P1 cotransporl system: a model. 1.)
Modification of the transporter within the membrane; 2.) specific and
controlled retrieval (endocytosis) of the transporter; 3.) intracellular
pooi of silent/inactive transporters; 4.) allosteric regulation.
branes isolated from P1-depleted rats exhibit an altered content
of cholesterol compared to brush border membranes isolated
from normal rats. A correlation of altered membrane fluidity
with altered Na/P1 cotransport, however, has not yet been
unequivocally established.
At first, let us assume that there exists an open cycle of
synthesis/insertion and retrieval/degradation. The most clearcut
evidence for such a cycling process in the regulation of Na/P1
cotransport stems from the results obtained with the OK cells
[621. The fact that the PTH mediated inhibition of Na/P1
cotransport in these cells can be reversed upon PTH removal
only with an intact protein synthesis machinery indicates that
under the influence of PTH, functional Nat/P, cotransporters
do disappear from the apical membrane. Resynthesis of trans-
porters would restore the original transport rate. The possibility
that proteins not identical with the transporter (but required for
its activity) underly this process cannot be excluded completely
at present.
At a constant rate of synthesis and insertion the residing time
of carriers within the apical membrane would be determined by
the rate of retrieval (endocytosis). This leads to the intriguing
question of how the residing time of Na/P cotransporters
within the membrane is controlled. Coming back to the hypoth-
eses discussed in the section 'protein synthesis-independent
regulation", there is a speculation that either one or the other of
the proposed modification reactions might influence the remain-
ing time of the carriers. Thus, under altered conditions of
intracellular cAMP, NAD, pH, Ca or of activated protein
kinase C activity, the carrier could be modified, respectively
(step 1). This in turn would facilitate the rate of retrieval and
result—at a constant insertion rate—in a decreased number of
carriers.
Alternatively to a direct modification of the carrier system
itself, such as by phosphorylation-dephosphorylation reactions,
alterations of the intracellular parameters cAMP, Ca
NAD, and others (such as pH changes) could also influence
the retrieval process (endocytosis; step 2). This latter control
mechanism would raise the interesting possibility of a regula-
tory control of the endocytosis of microdomains of the apical
membrane containing the Na/P1 cotransporter, since under
altered Na/P1 cotransport conditions other Na-dependent
solute transports (for example, NafD-glucose) are not
changed.
Step 3 in Figure 3 points to the possibility of a short circuited
recycling process similar to the adaptive regulation of 'H-
ATPase' in gastric mucosa [ill], and turtle urinary bladder
[1121, for the insulin responsive D-glucose transporter of adi-
pocytes [113] and for other membrane bound transport proc-
esses [114]. So far, evidence for such a recycling of the Na/P1
cotransporter, which would involve an intracellular (endoso-
mal) pool of inactive/silent Na/P1 cotransporters, has been
obtained only with LLC-PK1 cells [96]. In LLC-PK1 cells,
Na/P cotransport is stimulated by P depletion by approxi-
mately 30% within 15 minutes in a cycloheximide insensitive
manner. This has also been demonstrated with cells which have
been adapted to low extracellular (P1) first, re-fed with P1 for a
short time period, and then readapted to low extracellular (P1)
for 15 minutes.
Finally, the possibility of an allosteric regulation of the
Na/P1 cotransporter by changes of the pH1 and/or pH0
values [4] must be considered. However, as indicated in Figure
3 (step 4), this would not lead to an altered number of carrier
molecules within the apical membrane.
Summary
In vivo manipulations to alter renal P reabsorption and the
subsequent isolation of proximal tubular brush border mem-
brane vesicles have greatly increased our knowledge about the
regulation of renal P1 reabsorption via the Na/P1 cotransport
system. Only recently, direct biochemical and cell-biological
access has become possible by the use of established and
primary cell cultures. Based on the results obtained with
isolated brush border membranes and cultured cells, a model
has been presented, which might serve as a basis for future
research of the regulatory control mechanisms of the renal
Na/P1 cotransport. A present, a major drawback is the fact
that the molecular identity of the Na/P1 cotransport system is
still unknown. The identification of this transport system would
certainly be a great step and would allow to verify or falsify one
or the other hypotheses postulated in the past few years for the
regulatory control mechanism(s) of the renal Na/P cotrans-
port.
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